A major barrier to using genome sequencing in medical microbiology is the ability to interpret the data. New schemes that provide information about the importance of sequence variation in both clinical and public health settings are required. Meticillin-resistant Staphylococcus aureus (MRSA) is an important nosocomial pathogen that is being observed with increasing frequency in community settings. Better tools are needed to improve our understanding of its transmissibility and micro-epidemiology in order to develop effective interventions. Using DNA microarray technology we identified a set of 20 binary targets whose presence or absence could be determined by PCR, producing a PCR binary typing scheme (PCR-BT). This was combined with multi-locus sequence type-based, sequence nucleotide polymorphism typing to form a hierarchical typing scheme. When applied to a set of epidemiologically unrelated isolates, a high degree of concordance was observed with PFGE (98.8 %). The scheme was able to detect the presence or absence of an outbreak strain in eight out of nine outbreak investigations, demonstrating epidemiological concordance. PCR-BT was better than PFGE at distinguishing between outbreak strains, particularly where epidemic MRSA-15 was involved. The method developed here is a rapid, digital typing scheme for S. aureus for use in both micro-and macroepidemiological investigations that has the advantage of being suitable for use in routine diagnostic laboratories. The targets are defined and therefore the types can be defined by any platform capable of detecting the sequences used, including whole genome sequencing.
INTRODUCTION
Meticillin-resistant Staphylococcus aureus (MRSA) is an important nosocomial pathogen that is observed with increasing frequency in the community (Fluit et al., 2001; Cooke & Brown, 2010) . Better tools are needed to improve our understanding of transmissibility and micro-epidemiology, with the aim of developing effective interventions. In the future it is likely that whole genome sequence data will be used routinely for bacterial typing; however, this remains several years away. The technical and financial barriers to the implementation of genome sequencing are steadily being eroded, but the knowledge to interpret such data is still limited (Dunne et al., 2012; Loman et al., 2012) . It is therefore important that we immediately start generating typing data that can help us to interpret whole genome sequence data.
A number of DNA fingerprinting methods have been developed that detect variation between S. aureus strains in local outbreak investigations. PFGE, amplified fragment length polymorphism, randomly amplified polymorphic DNA and multi-locus variable number tandem repeat fingerprinting have proven utility (Struelens et al., 1992; Vos et al., 1995; Luczak-Kadlubowska et al., 2008) . However, these DNA fingerprinting techniques have a number of drawbacks: (i) problems with standardization, complicating inter-laboratory comparison, (ii) the generation of complex banding patterns, complicating interpretation and preventing the prediction of types from whole genome sequence data and (iii) a lack of generally accepted interpretative criteria (Murchan et al., 2003; Deplano et al., 2006; van Belkum et al., 1995; Rasschaert et al., 2009 ).
DNA sequence-based methods, including multi-locus sequence typing (MLST) (Maiden et al., 1998) , spa typing (Shopsin et al., 1999) and coa typing (Shopsin et al., 2000) , have demonstrated adequacy for use in global epidemiological studies. MLST has been used extensively for studying the macro-epidemiology and population structure of S. aureus, which was determined to be highly clonal, often globally distributed and stable over time Enright et al., 2002) . Whole genome sequencing has been successfully used for the investigation of the microevolution within a dominant strain of MRSA, revealing the global structure, intercontinental transmission over time and potential to track transmission events within the nosocomial environment (Harris et al., 2010; Eyre et al., 2012) . Sequence-based techniques require specialist equipment and expertise for the generation and interpretation of sequence data.
No method has demonstrated suitability for studying both micro-and macro-epidemiology, due to differing requirements for the speed of generation of genetic variation. Furthermore, these techniques are labour-intensive and are only performed routinely in reference facilities in the UK, thus, they do not impact on patient management in realtime. The ideal typing scheme would indicate the position of an isolate within the population and provide sufficient resolution for micro-epidemiological purposes. We have developed a hierarchical typing scheme for S. aureus microand macro-epidemiological investigations that could be performed locally, facilitate inter-laboratory and international strain comparison, and detect changes in the population structure, generating information of variation at the genomic level and preparing the way for whole genome sequencing.
METHODS
Bacterial isolates. S. aureus strains from four collections were studied (Tables 1 and S1 , available in JMM Online). Isolates were inoculated onto Columbia agar supplemented with 10 % horse blood Murchan et al., 2004) . Macrorestriction profiles from collection 3 were interpreted according to Tenover et al. (1995) . Profiles from collection 4 were interpreted according to O'Neill et al. (2001) and Murchan et al. (2004) for discrimination within the predominant UK clones epidemic MRSA (EMRSA)-15 and EMRSA-16, respectively. Previously undescribed variants were labelled pulsotype N.
DNA extraction. S. aureus isolates were grown overnight on CBA. Three to four single colonies were inoculated into 100 ml Triton X-100 lysis buffer [100 mM NaCl, 10 mM Tris/HCl (pH 8), 1 mM EDTA, 1 % Triton X-100], with 2 ml 1 mg lysostaphin ml 21 (Sigma). The suspension was incubated at 37 uC for 15 min and boiled for 10 min. Following centrifugation at 17 900 g for 2 min, the supernatant was stored at 220 uC. DNA was diluted 1 : 100 before use.
MLST. MLST was performed as described by Enright et al. (2000) on isolates from collections 2, 3 and 5. MLST sequence type (ST) and clonal complex (CC) assignments were correct as of summer 2010.
MLST-single nucleotide polymorphism (SNP) typing. MLST-SNP typing was performed according to Stone et al. (2009) and evaluated using 100 clinical S. aureus isolates characterized by MLST, covering a range of MLST STs and CCs, and was subsequently applied to collections 3 and 4.
DNA microarray and identification of binary targets. A staphylococcal microarray was developed by the Pathogen Microarray Team at the Wellcome Trust Sanger Institute, Cambridge, covering the coding sequences of seven staphylococcal genomes (supplementary material). Isolates from collection 2 underwent microarray analysis. Following analysis, each array feature was assigned to the core, core variable (CV) or accessory genomes, as defined by Lindsay et al. (2006) . The CV genome consisted of genes that were not core and not associated with mobile genetic elements (MGEs), while the accessory genome consisted of genes associated with MGEs. Features assigned to the CV and accessory genomes were analysed to identify binary targets with the potential to differentiate between strains belonging to the same lineage, as defined by MLST. Potential targets were initially chosen that split the isolates from collections 1 and 2 into two groups based on their presence or absence. Further targets were selected based upon their ability to further divide these into successively smaller groups, thus increasing discriminatory power. A maximum of 20 targets was selected, as this was considered to be the threshold of what could reliably be applied in a diagnostic setting.
PCR binary typing (PCR-BT). Primers were designed for the detection of the binary targets in individual PCR assays. The targets and primer sequences are shown in Table 2 . Each reaction was performed in a final volume of 25 ml, containing 16PCR buffer, 200 mM dNTPs, 1.5 mM MgCl 2 (all from Fermentas Lifesciences), 0.4 mM each primer (Invitrogen), 1 U Taq polymerase (Fermentas Lifesciences) and 3 ml DNA. PCR was performed using a 5 min denaturation at 94 uC, followed by 30 cycles of denaturation at 94 uC for 30 s, annealing at 55 uC for 30 s, extension at 72 uC for 30 s and a final extension of 72 uC for 5 min. The products were visualized using 2 % agarose gel, containing ethidium bromide at 4 V cm 21 for 1 h. Isolates from collections 1 and 2 were amplified to confirm the microarray results. The scheme was validated using collections 3 and 4. With every round of PCR we included three controls (MRSA252, MW2 and Mu50) that, between them, provided a positive signal for all 20 targets. If one of the controls failed to amplify (or gave a false positive signal), this provided an indication that the PCR assay had failed; this PCR was then repeated. In addition, where a new or unexpected profile was obtained, all PCR assays were repeated.
Statistical analysis. The stability of MLST-SNP and PCR-BT was determined by a repeat analysis of 10 isolates chosen at random from collections 3 and 4 after 20 passages on solid medium. Typeability was expressed as a percentage of typeable isolates. Concordance of MLST-SNP and PCR-BT with PFGE was calculated as described by Robinson et al. (1998) . Briefly, all possible pairs of strains were examined and their types were classified as a match or mismatch by the two methods, then they were cross-classified in a 262 table. Concordance corresponded to the proportion (%) of pairs for which the two methods were in agreement. Hierarchical clustering was performed using PCR-BT profiles, with dendrograms generated in SPSS (17.0) using simple matching as the similarity measure and the unweighted pair-group method using averages (UPGMA) for cluster analysis.
RESULTS

Evaluation of MLST-SNP typing
The MLST-SNP typing results were 100 % concordant with those expected after the analysis of the allele sequences in the MLST database (Table 3) . MLST-SNP typing detected previously described large-scale recombination events in two STs. The first was ST221, which gave an SNP profile consistent with CC1, but was a single locus variant of ST5 (progenitor of CC5) and a triple locus variant of ST1 (progenitor of CC1). The alleles that discriminate ST221 from ST5 were previously found elsewhere in the MLST database, suggesting that it arose following recombination between ST1 and ST5 (Stephens et al., 2006; Feil et al., 2000) . The second was ST239, which did not give an SNP profile consistent with CC8 and was previously found to result from a recombination event between ST8 and ST30 (Robinson & Enright, 2004) .
Validation of target detection by PCR
The PCR-BT targets were amplified to confirm the microarray results. Concordant results were obtained in 389/400 (97.3 %) cases. One difference (PCR positive, microarray negative) may have been due to the hybridization of a PCR primer to a complementary sequence in the genome, with the level of hybridization to the microarray probe insufficient to produce a positive signal. Ten (2.4 %) differences (PCR negative, microarray positive) may have been due to point mutations in the primer binding sites, preventing amplification, which may not have prevented hybridization to the microarray if there was sufficient sequence similarity across the probe length.
Comparison of MLST-SNP and PCR-BT hierarchical typing with PFGE and MLST
Isolates selected for variation in pulsotype. The 34 isolates from collection 3, belonging to 34 PFGE pulsotypes (Table  S1 ), were resolved into 26 different PCR-BT types, with a concordance of 98.2 % with PFGE. In combination with MLST-SNP typing, 28 different types were resolved, increasing the concordance with PFGE to 98.8 %. PCR-BT clustered isolates according to MLST CC, with the exception of isolates 30, 10 and 11 (Fig. 1) . Isolates 10 and 11 belonged to CC8, but were not clustered with other isolates belonging to CC8, which may not be unexpected due to the diversity of this CC. Isolate 30 belonged to singleton ST157, but clustered with isolates belonging to CC8, with which it shared five out of seven alleles.
Isolates selected from outbreak investigations. The 63 isolates from collection 4 were resolved into 13 PCR-BT profiles and 15 PFGE pulsotypes. Three MLST-SNP profiles were observed that corresponded to CC8, CC22 and CC30 (Fig. 2) . Interestingly, EMRSA-16 variants A16 and A29 produced PFGE patterns that were not reliably distinguished. This was demonstrated by isolates 57 and 63 that were initially assigned to EMRSA-16 variant A16, but were assigned to variant A29 on repeat testing. This was mirrored in the results of the PCR-BT, where two PCR-BT profiles were associated with both EMRSA-16 variants A16 and A29 in outbreak investigations 2, 8 and 9. Most importantly, EMRSA-15 variants B1 and B3, the predominant pulsotypes of EMRSA-15 in England and Wales (O'Neill et al., 2001) , were subdivided by PCR-BT into three and two subtypes, respectively. Multiple spa types In terms of epidemiological concordance, PCR-BT was able to identify the outbreak strain in investigations one, three, five and eight, which was concordant with the results of PFGE and MLST. Two isolates from outbreak investigation eight represented distinct strains by both PCR-BT and PFGE. In outbreak investigation two, a single PCR-BT profile was observed in contrast with two PFGE profiles. These isolates represented a prolonged outbreak. Where a prolonged outbreak involving a single strain occurs, genetic changes detectable by PFGE may be observed.
Both PFGE and PCR-BT identified multiple strains associated with outbreak investigation four, each belonging to the same genetic lineage as determined by MLST. None of these strains was predominant, suggesting a pseudooutbreak. Multiple strains from different genetic lineages were detectable by PCR-BT, PFGE and MLST in outbreak investigation six. In outbreak investigation seven, PCR-BT and PFGE identified three different strains, one of which was predominant and was identified as the outbreak strain by both methods. PCR-BT gave the same profile for six of seven isolates from outbreak investigation nine, but two different pulsotypes were identified by PFGE.
The MLST-SNP and PCR-BT profiles were stable for all isolates tested, producing identical profiles after 20 passages. In addition, PCR-BT assigned a type to all isolates tested and so, provided 100 % typeability. Not all of the binary typing targets were informative in relation to the isolates in collection 4. To identify the most informative set, we systematically excluded combinations of targets with similar distributions. The final analysis was performed excluding binary targets MW1414, SAS0381 and SAV2692. In addition, either SAS0064 or SAS1712a were excluded in combination with SAS1931 or SAS2382, and any two of SAS1741, SAV0807 and SAV2497. The resulting 13 binary targets were found to be sufficiently discriminatory (Fig. 2) . For the purpose of micro-epidemiological investigations in UK hospitals, it is proposed that the hierarchical typing scheme would be employed according to Fig. 3 .
DISCUSSION
Worldwide, a number of DNA fingerprinting techniques are used in the epidemiological investigation of MRSA. These techniques have limitations with respect to reproducibility, standardization and analysis and interpretation, which inhibit the efficient exchange of typing data between laboratories/countries and the generation of typing databases. The use of sequenced-based techniques that assess sequence variation in housekeeping genes or genes associated with faster evolutionary speeds, such as spa typing, enable the rapid exchange of typing data (Shopsin et al., 1999) , but these techniques are technically demanding, require expensive equipment and are limited to regional reference or research facilities. As technology improves, microbiology laboratories will be expected to use and interpret the data provided. The most likely future for microbiology is one of whole genome sequencing and interpretation of data. Currently, the validation process for this technology has not been carried out and so, clinical and public health microbiology laboratories are not capable of implementing sequence-based detection and typing methods. What is needed is a step-wise approach to validation so that local laboratories can implement techniques for which the interpretation is clear, but also for which the results can be predicted from the DNA sequence. This will allow future proofing and will start to address the barriers to the use of whole genome sequencing in clinical microbiology. Achtman (1996) described his distress at the number of 'yet another typing methods' in the literature, which were based on genetically hypervariable properties that were assumed to be suitable for epidemiological typing because the level of variation during and between outbreaks had not been evaluated. It is clear that some prediction of utility is possible; the use of genetic markers that are subject to horizontal transfer may split strains of relatively recent common descent into distantly related clusters; however, validation by field testing is required for accreditation and implementation. In response to these concerns, our aim was to develop a rapid and robust hierarchical typing scheme for S. aureus that could be performed locally, facilitate inter-laboratory and international strain comparison, describe changes in the population structure and compare between isolates from outbreaks and from sporadic cases. Initially, MLST-SNP typing was used to determine the phylogenetic relatedness of a set of isolates and so provide a framework of ancestry, within which more discriminatory typing could be used. This higher level of discrimination was achieved by using DNA microarray technology to identify targets whose presence or absence could be used in a PCR binary typing scheme. The genomes that were chosen for the development of the microarray were those that were available and annotated at the time (ca 2004). As a result, we were limited by the number of CV and accessory features represented by this small number of genomes. A set of S. aureus isolates was applied to the microarray and in line with published definitions (Fitzgerald et al., 2001) , 74, 12 and 14 % of features were assigned as: core, CV or accessory, according to the number of isolates in which they were found. The genes that constitute the CV and accessory genomes represent variation between and within lineages, and 20 binary targets were selected with the potential to differentiate between strains belonging to the same lineage as defined by MLST.
The chosen targets were amplified from 20 isolates and concordance with the microarray results was confirmed. Following validation with both epidemiologically unrelated and genetically related isolates, PCR-BT was found to provide 100 % typeability. The targets proved stable, as the same binary profile was observed following 20 passages.
Using an epidemiologically unrelated set of isolates, the concordance with PFGE was 98.2 %. The concordance increased further when PCR-BT was combined with MLST-SNP. To explore epidemiological concordance, nine sets of isolates from separate hospital outbreaks in England were investigated. We used the term epidemiological concordance to indicate the ability of PCR-BT to detect the presence or absence of an outbreak strain, in comparison with PFGE. This was achieved in eight out of nine outbreak investigations. Importantly, PCR-BT was able to discriminate within the most prevalent pulsotype in the UK, EMRSA-15. Therefore, PCR-BT appeared to be better than PFGE at distinguishing between outbreaks Fig. 1 . Dendrogram showing the similarity between the PCR-BT profiles of the European isolates (collection 3). Hierarchical clustering was performed using PCR-BT data with SPSS (17.0), using simple matching as the similarity measure and UPGMA for cluster analysis. Profiles highlighted with the same colour indicate isolates that produced the same MLST-SNP profile. The isolates were numbered according to their PFGE profile. Si, singleton (i.e. it was not found to belong to any CC described at the time of analysis).
Fig. 2.
Dendrogram showing the similarity between the PCR-BT profiles of the outbreak-associated isolates (collection 4), using data from 13 of the 20 binary typing targets. Hierarchical clustering was performed using PCR-BT data with SPSS (17.0), using simple matching as the similarity measure and UPGMA for cluster analysis. In the PFGE column, isolates belonging to the same outbreak investigation are highlighted with the same colour.
caused by these strains. The results from this may be compared to international databases and their position in the population structure determined. Although the ability of MLST-SNP typing to detect new STs is limited, novel SNP profiles may still be detected. Where a previously unobserved MLST-SNP profile is obtained, full MLST can be used to investigate further.
Isolates from the major HA-MRSA CCs were included in this study, but further investigation is required to investigate isolates from the major international clones of community-associated MRSA and livestock-associated MRSA, including CC1, CC5, CC8, CC30, CC59, CC80, CC93 and CC398. This may result in additional/alternative targets being included, which is one of the advantages of this method -we need to understand the variation seen in different transmission chains and environments -typing schemes of the future will be tailored to the question being asked and to the group of organisms under investigation.
For clinical utility, PCR-BT was optimized for use in a standard PCR format, the results of which were available within one working day. There is scope to improve the turnaround time by employing high-throughput technology, such as multiplex PCR or bead-arrays. It is possible to tailor the target set to the population in question, improving local deliverability in the clinical setting. The profiles are stored electronically, enabling both local and global transfer and comparison. For PCR-BT to provide optimum clinical impact, i.e. with a short turnaround time so that the results can inform patient management, it should be performed on-site. The set-up costs of PCR-BT are in the region of £5000 for a thermal cycler and agarose gel electrophoresis equipment versus £15 000 for highly specialized PFGE equipment and data analysis software.
Reagent and labour costs for PCR-BT are in the region of £15 per isolate compared with approximately £22 for PFGE. However, the cost per test may decrease as throughput increases.
In conclusion, we have developed a rapid hierarchical typing scheme for S. aureus for use in local microepidemiological investigations of HA-MRSA. For interstrain comparison purposes, the strength of this scheme lies in its speed and ability to create simple profiles amenable to relational databases. Furthermore, it is a rationally designed system that may be readily adapted according to future developments in local epidemiology. In this study, validation has been performed using an international collection of strains from well-defined outbreaks, as well as sporadic isolates, in which MRSA isolates from the UK and Europe have predominated. A set of isolates are available for calibration of the hierarchical typing scheme. Future work will confirm the ongoing utility of this technique for the investigation of emergent epidemic/pandemic clones of MRSA. Fig. 3 . Application of MLST-SNP typing and PCR-BT in a local outbreak investigation. The MLST-SNP and PCR-BT profiles are amenable for incorporation into a web-based database, alongside patient demographic data.
